Introduction
The impact of molecular systematics on bacterial classification has been profound. Indeed, phylogenies based on the sequence of ribosomal RNA genes have forever changed how we view the organization of life on this planet (Fox et al., 1980; Olsen & Woese, 1993) . Molecular approaches have revealed three (Archaea, Bacteria and Eukarya), rather than five (Animalia, Plantae, Fungi, Protista and Monera), primary divisions of life and forced an acknowledgement of the extraordinary levels of microbial diversity (Fox et al., 1980; Pace et al., 1985; Woese, 1987; Woese et al., 1990) . Further, as additional highly conserved genes, such as those encoding elongation factors and ribosomal proteins are examined, we gain confidence that the 16s rRNA based phylogeny provides a fairly robust description of the major evolutionary lineages (Ludwig et al., 1993; Brown et al., 2001) .
Just as molecules appear to have solved some of the outstanding phylogenetic questions, their application has generated an entirely new and unexpected controversy.
Molecular phylogenies have revealed that horizontal transfer plays an important and unexpected role in evolution (Kidwell, 1993; Nelson & Selander, 1994; Brown & Doolittle, 1997; Nesbo et al., 2001) . Recent observations of possible gene transfer events between some of the deepest branches represented in the 16s-based tree of life have raised the question of whether we should employ networks, rather than dichotomously branching trees, to represent evolutionary lineages over time (Doolittle, 1999) . In fact, the importance of lateral gene transfer (LGT) has been elevated to such a degree that it has called into question the very existence of microbial species. If transfer is so rampant, how can we define microbial species and how could they exist?
To address this challenge, Lan & Reeves (2001) revised a proposal first developed by Dykhuizen & Green (1991) that applies the biological species concept (BSC) (Mayr, 1942) to bacteria. Dykhuizen and Green analysed the sequences of three housekeeping genes (gnd, trp and phoA) (DuBose et al., 1988; Stoltzfus et al., 1988; Dykhuizen & Green, 1991) and, as was previously observed by Milkman for several additional genes (McKane & Milkman, 1995; Milkman, 1997) , found high levels of recombination among Escherichia coli isolates. Dykhuizen and Green suggest that there is sufficient recombination within the E. coli species to ensure a shared gene pool, as required by the BSC (Mayr, 1942) . Lan & Reeves (2001) extended this original proposal of Dykhuizen & Green (1991) . They distinguish between what they call core and auxiliary genes. Core genes are essentially housekeeping genes and each isolate of a species possesses a full (or nearly so) compliment of core genes. Lan and Reeves argue that there is no strong selective advantage to acquiring new core genes through LGT and thus these genes comprise the species 'shared genome'. These genes would rarely transfer between taxa and their eventual divergence would serve as barriers to homologous recombination between species. The auxiliary genes, in contrast, might transfer frequently and serve in adapting bacterial isolates to local competitive or environmental pressures (Cohan, 1996; Cohan, 2001) . The auxiliary genes might include pathogenicity islands, resistance genes and cassettes, novel metabolic functions, toxin genes, etc. (Dobrindt & Reidl, 2000; Karlin, 2001; White et al., 2001) . The core genome hypothesis (CGH) predicts the existence of a barrier to interspecies recombination for core genes, which is not shared by auxiliary genes (Lan & Reeves, 2000) . At present, there are no appropriate data sets with which to test this prediction.
In this paper we provide a molecular-based phylogeny of representatives of the enteric family of bacteria and discuss the implications this information has on implementing a tractable bacterial species concept. In order to construct a robust phylogeny for enteric bacteria, we employ a multi-locus DNA sequence approach. Portions of five housekeeping genes (gapA, groEL, gyrA, ompA, and pgi) and the 16s rRNA gene have been sequenced, and phylogenetic trees inferred for seven taxa of the Enterobacteriaceae (Citrobacter freundii, Enterobacter cloacae, E. coli, Hafnia alvei, Klebsiella oxytoca, Klebsiella pneumoniae, and Serratia plymuthica). Multiple isolates of each taxa were included in our sequence analysis and tree construction to allow an estimate of the within and between species levels of nucleotide diversity.
All bacterial isolates were obtained from a collection of environmental enteric bacteria isolated from Australian mammals (Gordon & FitzGibbon, 1999) . This collection is comprised of over 951 strains, representing 24 species of enteric bacteria isolated from 642 wild mammals in Australia and represents the most extensive sample of wild enteric bacteria reported to date. In addition, Gordon and colleagues have generated a large and growing body of phenotypic and genetic data about the collection that continues to increase its value as a research tool (Gordon & Lee, 1999; Okada & Gordon, 2001) . For instance, the collection has been screened for bacteriocin production, antibiotic resistance, and plasmid profiles (Sherley et al., 2000; M. Sherley, pers. comm.) . The collection has also been examined for correlations between species diversity and host organism or geographic effects (Gordon & FitzGibbon, 1999; Gordon & Lee, 1999) .
In this study, housekeeping genes serve as our proxy of the species 'shared, core genome' (as described by Lan & Reeves, 2001) . The ideal situation would be to obtain numerous genome sequences for our sample of taxa. However, a more realistic solution (with respect to both financial and time considerations) is to subsample the core genome and then pool these data to generate a molecular phylogeny. Housekeeping genes are an appropriate focus for this study for a number of reasons. They are a class of highly expressed, highly conserved, protein encoding genes that exhibit a high degree of codon bias. These genes evolve more slowly than typical protein encoding genes, but more rapidly than rRNA genes, and are therefore often used to construct gene trees of closely related taxa (Lawrence et al., 1991) . We investigate the molecular phylogenies inferred for each locus separately and pooled, and argue that the pooled data provides an appropriate estimate of the enteric phylogeny. In addition, this phylogeny reveals that the phenotypic 'clusters' that have traditionally been used to define bacterial species (Holt, 1994; Rossello-Mora & Amann, 2001 ) are clearly seen as gene pools, or genome pools, at the DNA sequence level. We argue from these data that, for at least the enteric bacteria, bacterial species do exist and can be defined in similar ways with both phenotypic and genotypic data.
Materials and methods

Strains
DNA sequences from a total of 38 strains were used in this study. DNA sequences from two fully sequenced genomes [E. coli MG1655 (Blattner et al., 1997) and Vibrio cholerae biotype El Tor (Heidelberg et al., 2000) ] were obtained from GenBank. A 36 strain subset of a collection of environmental enteric bacteria isolated from wild Australian mammals, which is also used by our lab to study bacteriocin ecology and evolution, was used for DNA sequence determination (Gordon & FitzGibbon, 1999) . Information about the strains, including species designation, geographic origin and host is listed in Table 1 . Although strain SM1 is identified in the Gordon collection as Serratia marcescens, for the genes we examined, it is identical to S. plymuthica. For ease of discussion, we will consider it a member of the later species.
Gene selection
Housekeeping genes were selected based on a number of criteria. They must be essential for the cells survival in its natural environment. Other considerations were that they be spaced far enough apart on the E. coli chromosome that they not be co-transducible (>100 kb), that sequence exist in GenBank for as many of the target species as possible, that there be no known paralogs and that the genes selected do not over-sample any one physiological process to prevent concordance in the gene trees as an artifact of co-evolution. Gene locations and functions for the five housekeeping genes and the 16s rRNA gene employed in this study are listed in Table 2 . The gene locations are based on the E. coli MG1655 sequence and there is at present no data available for the locations of these genes in the other taxa examined.
Nucleotide sequencing
The nucleotide sequences for portions of the five housekeeping genes (gapA, groEL, gyrA, ompA and pgi) and the 16s rRNA gene were obtained by direct sequencing of polymerase chain reaction (PCR) products. PCR reaction mixtures (50 lL) were prepared with 1.25 U Taq polymerase (Promega, Madison, WI, USA), 1· Taq polymerase buffer (10 mM M Tris-HCl [pH 8.3], 50 mM M KCl, 1.5 mM M MgCl 2 ), 0.2 mM M (each) deoxynucleoside triphosphate and 0.2 lM M (each) primer. Template DNA was obtained by boiling cells from a single isolated colony in 200 lL of sterile distilled water for 10 min. Two microlitre of the suspension were added to each reaction. Primer sequences used for amplification and sequencing are available as supplementary material from the journal web site. PCR products were purified using the QIAquick PCR purification kit (Qiagen Inc., Valencia, CA, USA). DNA sequencing was performed on the ABI 377 DNA Sequencer (Applied Biosystems, Foster City, CA, USA). 5-20 ng of purified PCR product were added to sequencing reactions and sequencing was performed using Big Dye chemistry according to ABI standard protocols (Applied Biosystems). Sequence lengths and accession numbers for each gene are given in Table 2 .
Phylogenetic analysis
With the exception of 16s rRNA sequences, nucleotide sequences were translated using the standard genetic code, and protein sequences were aligned using the ClustalW algorithm (Thompson et al., 1994) and the Gonnet series protein weight matrix in Megalign version 4.05 (Dnastar, Inc.). 16s rRNA nucleotide sequences were aligned using the same software and algorithm, but employed the IUB DNA weight matrix. Maximum likelihood trees were inferred for each gene and the concatenated alignment of all genes using PAUP version 4.0b8 (Swofford, 1997) . Optimized parameters for the heuristic algorithm used for building maximum likelihood trees in PAUP were generated by the MODELTEST program version 3.06 (Posada & Crandall, 1998 ) using the default starting parameters (Neighbor-Joining using a Jukes and Cantor model of evolution). Statistical support of the branch points was tested by performing 500 maximum likelihood bootstrap replications using PAUP version 4.0b8 and by using the program MrBayes version 2.01 (Huelsenbeck & Ronquist, 2001 ) to generate 50 000 trees, of which the first 5000 trees were discarded as 'burnin', and a majority rule consensus tree was constructed from the remaining 45 000 trees. Maximum parsimony was employed during our first pass at phylogeny reconstruction to estimate the phylogenetic information content of each gene. The number of parsimony informative bases for each housekeeping gene was used to determine if additional sequence data needed to be collected so that each gene contributed an approximately equal amount to the composite phylogeny. In the maximum parsimony analysis, heuristic searches were conducted with all positions weighted equally, gaps were treated as missing and the tree-bisection-reconnection branch-swapping algorithm was used.
Gene trees
For each gene, a protein sequence was inferred from the DNA sequences generated and a protein alignment produced. Protein alignments were then converted back to DNA alignments for phylogenetic inference. Sequences from V. cholerae biotype El Tor were obtained from GenBank and used as the outgroup for rooting each of the gene trees. For some loci, shorter sequences were used for Hafnia (pgi and gapA), Serratia (pgi, gapA and groEL) and Enterobacter (gapA) because of difficulties in obtaining full-length sequences for these genera. In these instances, initial trees were made with all sequences trimmed down to the length of the shortest sequence. These short sequences were then extended to full length by the addition of N's, and another tree was built with the longer sequences in order to increase the phylogenetic signal enough to resolve the ancestral relationships of the more closely related taxa. In all instances, extending the short sequences to full length with N's did not alter the tree topology with respect to these taxa. Sequences for gapA, groEL, gyrA and pgi were aligned without gaps. The ompA sequence contained gaps in two variable regions. The first area corresponds to surface exposed loop L4 and is centered at amino acid residue 112 (Pautsch & Schulz, 2000) . The second, smaller variable region corresponds to amino acid residues 175-180, which encodes the hinge region of the protein. The 16s sequence alignments had two single residue gaps corresponding to bases 79 and 88 in the E. coli 16s sequence.
Composite tree
The composite tree was generated by concatenating the same sequence alignments used to infer all six gene trees. Taxa that were missing from any one alignment were deleted from the other alignments. This resulted in a final data set of 4203 aligned nucleotides from 24 taxa. As in the generation of gene trees, a composite tree was generated from a shortened alignment to insure that missing sequence from Hafnia and Serratia isolates did not impact the composite tree topology.
Average distance and nucleotide diversity
The average uncorrected pairwise distance for each gene was calculated by averaging all of the pairwise comparisons between isolates of two different species using the PAUP program (Swofford, 1997) (Table 3) . Nucleotide diversity, number of polymorphic sites, number of haplotpyes, and haplotype diversity was calculated for each taxa and gene using the DnaSP program version 3.53 (Rozas & Rozas, 1999) and the results are summarized on Table 4 . There are seven copies of the 16s rRNA sequence in E. coli K-12.
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Results
Gene trees
Figure 1 provides phylogenetic trees inferred by maximum likelihood methods from the nucleotide sequence of each of five housekeeping genes (gapA, groEL, gyrA, ompA, and pgi) and the 16s rRNA gene. The gene lengths and length of sequence determined for each gene included in this analysis are given in Table 2 . Because it was our intention from the outset to construct a composite tree by concatenating the sequences from each housekeeping gene, an effort was made to collect the same amount of phylogenetic information for each gene, so that the composite tree would be a true average of the phylogenetic information from each gene. Phylogenetic information density was estimated by determining the number of parsimony informative bases (Table 2) . Although the sequences employed for the five housekeeping genes differ in length, they have very similar levels of phylogenetic information and fall within 12% of the average number of parsimony informative positions averaged over all sequences.
With only a few exceptions (C. freundii in the 16s tree and K. pneumoniae in the gapA and ompA trees), all of the species form monophyletic groups in all of the gene trees. In other words, there is a tight clustering of isolates within each species. For example, all isolates identified as K. oxytoca through phenotypic methods cluster together genetically as well. This is true even of E. coli K-12 strain MG1655, which was included to determine if a laboratory E. coli K-12 strain would cluster with natural isolates of E. coli.
In contrast, the relationship between species as seen in different trees is not consistent, that is, the precise species relationships differ from gene to gene (Fig. 1) . Species that appear to be close relatives in one gene tree (for instance E. coli and C. freundii for groEL) fall on quite divergent branches of another tree (in this case gyrA). In fact, no two species pairs maintain the same relationship across all gene trees. However, some trends are apparent. For instance, more often than not Hafnia and Serratia are each other's closest relatives, and are located closest to the root of the tree (rooted trees not shown). E. coli and C. freundii fall nearest to each other in four out of the six gene trees.
Composite tree
A molecular species phylogeny was inferred from the composite data by concatenating the sequences of the six genes (Fig. 2) . Figure 2 provides both an un-rooted tree ( Fig. 2a) , that is in the same format as that given for the individual gene trees (Fig. 1 ) and a version of the same tree rooted with V. cholera as the out group (Fig. 2b) . The composite tree, in close agreement with the gene trees, clusters all of the isolates for each species into monophyletic groups. Even the outliers noted above for the ompA, gapA and 16s gene trees now fall within the species to which they were originally assigned based upon phenotypic analysis. The concatenated sequence contains enough phylogenetic signal to resolve all of the interspecies nodes with high bootstrap values (>77%). The concatenated sequence was also used to build a phylogeny using Bayesian analysis. The MrBayes program (Huelsenbeck & Ronquist, 2001 ) was used to generate a majority rule consensus tree, which is analogous to a bootstrapped maximum likelihood tree (Fig. 2b) . The two consensus trees have essentially the same topology. The maximum likelihood tree has a node connecting HA2 and HA3 with a bootstrap support of 51% that is not supported by the MrBayes tree, and the MrBayes tree contains a node connecting EC3 and ECMG, which is unsupported in the maximum likelihood tree. The Bayesian tree has a consistently higher support for most branch points. The Bayesian method is significantly faster than maximum likelihood bootstrap analysis. For example, it required approximately 600, 1GHz processor hours to calculate 500 bootstrap replicates using maximum likelihood, whereas it took approximately three, 1Ghz processor hours to generate the 45 000 trees used to construct the MrBayes tree.
An inherent danger in constructing a phylogeny from concatenated sequences is that the sequences can contribute unequal quantities of phylogenetic information to the composite tree. The phylogenetic information obtained for each housekeeping gene was estimated by calculating the number of parsimony informative bases contained in the sequence ( Table 2 ). The contribution of each housekeeping gene was normalized such that each gene contributed approximately the same number of informative sites, to within 12% of the mean number of informative sites contributed per sequence. Table 3 contains estimates of the average within and between species sequence distance for each of the genes examined. Table 4 provides estimates of the within species nucleotide diversity. Estimates of nucleotide distance for this sample of taxa and genes ranges from 0.05 to 0.29 for the housekeeping genes, and 0.01-0.08 for the 16s rRNA gene. Estimates of nucleotide diversity 
Nucleotide diversity and distance
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ranges from zero to 0.05. K. pneumoniae, C. freundii and E. cloacae possessed the highest overall within species diversity, with K. pneumoniae showing the highest nucleotide diversity in all genes except gyrA and 16s rRNA. Overall S. plymuthica and K. oxytoca have the lowest within species nucleotide diversity. In the case of S. plymuthica, the low levels of diversity could be attributed to the smaller sample size and shorter sequences available for this taxon. For all species and all genes examined, the average within species pairwise distance or nucleotide diversity was lower than the average between species pairwise distance. In fact, for each gene, even the most diverse taxon (usually K. pneumoniae) had a lower within species distance than any between species comparison for the same gene.
C. freundii has a relatively high level of nucleotide diversity. Upon closer inspection, it is clear that this diversity is due primarily to the existence of two distinct lineages within this taxon that have a deep separation. Isolates CF1 and CF5 compose one distinct lineage whereas CF3 and CF4 compose the other (Fig. 2b) . The fact that the division of these lineages based on phylogenic criteria correlates exactly with collection information regarding the host species and geography (Table 1) suggests that these factors are selectively important, although the small sample size prevents any statistical test for significance of this correlation.
Discussion
One thing is immediately obvious from examination of the six gene trees. The species relationships differ for the different genes. In other words, the seven taxa result in different tree topologies with each of the six genes examined. Species that appear to be close relatives in one gene tree [for instance E. coli and C. freundii for groEL (Fig. 1b) ] fall on divergent branches of another tree [in this case gyrA (Fig. 1c) ]. In fact, no two species pairs maintain the same relationship across all gene trees. However, some trends are apparent. For instance, more often than not H. alvei and S. plymuthica are each other's closest relatives and E. coli and C. freundii cluster nearest to each other in four of the six gene trees. It is clear that a robust molecular species phylogeny of enteric bacteria cannot be inferred from a single gene.
There are several possible explanations for the lack of consensus between individual gene trees with respect to species relationships. It could be the result of different genes experiencing different evolutionary pressures. For instance, gaps in the sequence alignment suggest that the ompA gene has experienced relatively strong selective pressure, presumably from bacteriophage such as K3 and Ox2, which have been shown to bind to the surface exposed loops of OmpA (Manning et al., 1976; Morona et al., 1984) . Alternatively, the gene trees may differ because LGT has resulted in different phylogenetic histories for the different genes. None of the genes examined seem a priori to be the product of LGT. If incongruence in the gene trees is indeed a product of an ancient or difficult to detect LGT, then it appears to have gone to fixation.
In part, the discrepancies in the gene trees may reflect a low signal to noise ratio. The phylogenetic 'signal' in the sequences is too weak to infer a robust gene genealogy. Indeed, some of the branching patterns for particular gene trees could not be robustly resolved as shown by the low bootstrap values (Fig. 1) . Concatenating the sequences of the six genes increases the number of phylogenetically informative characters and thus resolving previously unresolved branches. This increased resolution suggests that the incongruences between gene trees is more likely because of tree reconstruction artifacts resulting from weak phylogenetic signal rather than from LGT. As more sequences are concatenated, the underlying common phylogenetic signal is reinforced as demonstrated by the increase in bootstrap values. Other studies that have relied on concatenated housekeeping sequences have obtained phylogenies consistent with the fossil record or rRNAbased trees (Slade et al., 1994; Brown et al., 2001) . This ability to recover phylogenies congruent with other methods was possible even when there were discrepancies in the individual gene tree topologies. (Eernisse and Kluge, 1993; Brochier et al., 2002) . This is the first molecular phylogeny of enteric species constructed from multiple isolates within each taxa. The molecular species phylogeny described here is in concordance with a previously described molecular phylogeny of enteric isolates where they share common taxa (Lawrence et al., 1991) . That prior phylogeny was constructed from type strains and clinical isolates and contained only a single isolate per taxa for the species common to both trees. Concordance between the two trees is not unexpected considering that the earlier tree was made with a subset of the housekeeping genes used in this study.
The consensus phylogeny (Fig. 2) and the average pairwise distance and nucleotide diversity estimates (Tables 2 and 3 ) clearly demonstrate that for this sample of taxa, the distances between species are always higher, and usually much higher, than the levels of diversity segregating within species. The elevated levels of distance observed between, relative to within, taxa suggests a possible mechanism limiting the exchange of genetic information between taxa. The frequency of homologous recombination has been shown to decrease exponentially as sequence divergence increases (Vulic et al., 1997) . This log-linear relationship is demonstrated by the observation that isolates of E. coli and S. typhimurium, which have 16% divergent genomes suffer a 10 5 -fold reduction in recombination frequency compared with isogenic crosses (Vulic et al., 1997) . This observed difference in within and between species pairwise distances would therefore translate directly to a greater barrier to recombination between species compared with within species.
Implications for a bacterial species concept
There exists no official prokaryotic species definition. The defacto definition involves grouping strains based on overall phenotypic similarity, and then using DNA-DNA hybridization or 16s rRNA based phylogenies to discern the species boundaries (Cohan, 2001; Rossello-Mora & Amann, 2001) . In an effort to provide bacterial classification with a theoretical underpinning, Dykhuizen & Green (1991) proposed that a derivation of the BSC (Mayr, 1942) could be employed. Because of the profound differences between eukaryotes and prokaryotes with regard to reproduction, application of the BSC to bacteria requires that the definition of an interbreeding group be revised to include groups participating in LGT, and that barriers to reproduction be considered barriers to LGT. Dykhuizen and Green suggested that groups that freely exchange genetic information can be identified phylogenetically because different genes from isolates of the same species should have significantly different phylogenies because of LGT and subsequent recombination, but phylogenies of genes from isolates of different species should be essentially the same because of interspecies barriers to recombination (Dykhuizen & Green, 1991) . Although this was a huge step forward in applying a species concept to bacteria, as Maynard Smith (Maynard Smith, 1995) pointed out it has some practical shortcomings because of the large variation in the levels of clonality detected for different bacterial species. This would lead to a very narrow species definition for highly clonal organisms such as Salmonella, and broad species definitions for organisms like Neisseria, which have low levels of clonality (Maynard Smith et al., 1993) .
Lan and Reeves (Lan & Reeves, 2000 ) have proposed a revised method for applying the BSC to bacteria, independent of their level of clonality. They propose a 'Core Genome Hypothesis' (CGH) in which all of the genes found in a species are classified as either 'core genes', (a.k.a. housekeeping genes), which are found in the majority of the members of a species, or as 'auxiliary genes', which are only found in some members of the species. They argue that because there is little or no selective advantage in acquiring core genes from other species, the core genes would tend to diverge between species. This sequence divergence acts as an increasing barrier to horizontal transfer compared with that experienced by auxiliary genes. In contrast to core genes, auxiliary genes are more likely to be selectively retained after transfer because they often encode niche adaptive phenotypic traits that can confer a selective advantage under suitable environments. The frequent transfer and selection of these auxiliary genes reduces their rate of divergence between species, relative to those levels experienced by the core genes. Lan and Reeves thus propose that the species-specific shared, core genes, which comprise the shared species genome, be used to define species boundaries.
The consensus molecular phylogeny for enteric bacteria provided here (Fig. 2) suggests that, for this sample of enteric taxa, the CGH may provide an appropriate division of enteric species. The critical observation is that for this set of five housekeeping genes and the 16s rRNA gene all isolates from within each taxa cluster in genotype space, relative to isolates from any other taxa. In no case do individual sequences from within a taxa fall within the genotypic boundary of a different taxa. Further, this genotypic clustering corresponds precisely to the phenotypic clustering traditionally used to designate enteric species (Holt, 1994) .
The CGH can be used to make predictions about auxiliary genes, which it defines as those genes that occur in <95% of the isolates of a species. It predicts that auxiliary genes should be more freely exchanged across species boundaries than core genes. The CGH also predicts that different species will have a different compliment of core genes, and a gene that is part of the core genome of one species may be an auxiliary gene of another species. By mapping phenotypic characters that represent likely auxiliary genes to the enteric molecular phylogeny, it is possible to determine if the patterns of phenotype occurrence are more consistent with vertical or lateral inheritance. Figure 3 shows ten phenotypic characters commonly used to distinguish the taxa used in this study, mapped onto the enteric composite molecular phylogeny. The phenotype character distribution patterns fall into two groups, those that could be the result of a single acquisition (such as H 2 S or DNase production) or loss (such as polar flagella) vs. those that require multiple acquisition or loss events. Applying the principle of parsimony we suggest that the latter traits were acquired through horizontal transfer. For instance, in the case of indole production, five independent gene loss events, but only two acquisitions are required to generate the phenotype distribution pattern observed. There are also clear instances where a gene is most likely part of the core genome of one species, but an auxiliary gene in others. For example, citrate utilization is known to occur in almost all isolates of C. freundii, with moderate frequency in isolates S. plymuthica, and very rarely in E. coli.
The taxa included in this study make it particularly useful for exploring a bacterial species concept. By virtue of the collection method employed by Gordon (Gordon & FitzGibbon, 1999) , it is known that isolates in this study coexist in mammalian intestines and, thus, the potential for lateral exchange is significant. Several studies suggest that LGT is not only possible, but also frequent among these taxa. Recent work on bacteriocin encoding plasmids isolated from different taxa from this same collection have been shown to be recent chimeras, which are composed of plasmid sequences from multiple enteric genera (Riley et al., 2001; Smajs & Weinstock, 2001) . These data indicate that conjugation between these taxa in nature is not uncommon. Estimates of the time since divergence between E. coli and Salmonella typhimurium range from 120 to 140 million years ago (Ochman & Wilson, 1987) . Those two taxa are more closely related than is any pair of taxa in this study. Thus, it is fair to assume that these genera have had ample opportunity for LGT and recombination among the housekeeping genes sampled here. However, we find no evidence for extensive LGT in the sample of core genes examined.
Lan and Reeves have suggested subtractive hybridization and micro array technology as methods to define the core and auxiliary species genomes (Lan & Reeves, 2000) . Although these techniques will provide valuable data, vital in understanding the process of genome evolution, they are currently too onerous and expensive to be useful in bacterial taxonomy. We suggest that phylogenies based on composite housekeeping gene sequences can act as an accurate proxy for the speciesspecific, shared, core genome information required by the CGH. This study shows that from a practical perspective, it is not necessary to determine definitively the scope and boundaries of these two components (core vs. auxiliary genes) of the species genome in order to implement the CGH as a useful concept for prokaryotic taxonomy. We have demonstrated that a robust phylogeny can be constructed from a relatively modest number of housekeeping genes. Enough is known about bacterial physiology that for most groups, assignment of half a dozen or so highly conserved housekeeping genes to the core genome can be done without controversy. As the CGH defines core genes as those that occur in at least 95% of the isolates of a species, using a defined subsample of housekeeping genes to determine species boundaries also prevents the definition of core genes from becoming circular. Care should be taken when selecting presumptive core genes for phylogenetic analysis so that over sampling of a chromosomal region, or any one physiological process does not occur.
Numerous bacterial species concepts have been proposed (Dykhuizen & Green, 1991; Holt, 1994; Lan & Reeves, 2000; Cohan, 2001; Rossello-Mora & Amann, 2001) . The current gold standard has recently been renamed the phylo-phenetic species concept (PPSC), which is based upon numerical analysis of independently co-varying phenotypic characters (Rossello-Mora & Amann, 2001) . The PPSC defines a bacterial species as 'a monophyletic and genomically coherent cluster of individual organisms that show a high degree of overall similarity with respect to many independent characteristics, and is diagnosable by a discriminative phenotypic property'. Guidelines to apply this species definition include isolating an adequate collection of strains to account for the within species phenotypic variability, employing 16S rRNA to distinguish the closest relatives of a taxa in question, and extensive characterization of the phenotype. The PPSC proposes the use of 16S rRNA sequence similarity to determine evolutionary relationships among the taxa in question. However, although this molecule has proven invaluable in phylogenetic reconstructions of deep relationships among microbes (Woese, 1987) , it is too slowly evolving to provide useful phylogenetic information for closely related bacteria. Further, Guanine+Cytosine content and levels of DNA-DNA similarity are characters proposed for determining a genomic measure of monophyly. Given our expanding sense of the extensive, and highly variable, levels of gene transfer experienced by bacteria, such measures of genome similarity may be quite variable, even for different isolates within the same taxa. For example, it is known that isolates of E. coli can vary by over 20% in genome size (Bergthorsson & Ochman, 1998) .
This revised method for applying the BSC to bacteria reconciles the fluid mosaic structure found in genomic data with the clustering exhibited in decades of phenotypic studies. The question is not 'does lateral gene transfer occur?' but rather 'does its occurrence obliterate coevolved genomes?' Our ability to construct a robust species phylogeny from a sampling of core genes supports the existence of coevolved genomes that survive through evolutionary time. It is our belief that the role of a species concept in bacterial taxonomy is not to replace the traditionally employed, primarily phenetic method of classification with a purely phylogenetic one. After all, an organism's phenotype defines its interaction with the environment, and therefore its ecological significance. Rather, the role of a biologically based species concept in prokaryotic classification should be twofold; to provide an evolutionary framework for the organization of higher taxonomic categories, and to provide a theoretical basis to explore the process of speciation. The validity of virtually partitioning the species genome into core and auxiliary genomes requires population level genomic data to test properly. It will be interesting to see how well this distinction holds up as the necessary data become available.
